ABSTRACT-Although systemic cooling had recently been reported as effective in improving the neurological outcome after traumatic brain injury, several problems are associated with whole-body cooling. The present study was conducted to test the effectiveness of brain cooling without interference with the core temperature in rats after fluid percussion traumatic brain injury (TBI). Brain dialysates ischemia (e.g., glutamate and lactate-to-pyruvate ratio) and injury (e.g., glycerol) markers before and after TBI were measured in rats with mild brain cooling (33-C) and in the sham control group. Brain cooling was accomplished by infusion of 5 mL cold saline via the external jugular vein under general anesthesia. The weight loss was determined by the difference between the first and third day of body weight after TBI. The maximum grip angle in an inclined plane was measured to determine motor performance, whereas the percentage of maximal possible effect was used to measure blockade of proprioception. The triphenyltetrazolium chloride staining procedures were used for cerebral infarction assay. As compared with those of the sham-operated controls, the animals with TBI had higher values of extracellular levels of glutamate, lactate-to-pyruvate ratio, and glycerol in brain and intracranial pressure, but lower values of cerebral perfusion pressure. Brain cooling adopted immediately after TBI significantly attenuated the TBIinduced increased cerebral ischemia and injury markers, intracranial hypertension, and cerebral hypoperfusion. In addition, the TBI-induced cerebral infarction, motor and proprioception deficits, and body weight loss evaluated 3 days after TBI were significantly attenuated by brain cooling. We successfully demonstrate that brain cooling causes attenuation of TBI in rats by reducing cerebral ischemia and injury resulting from intracranial hypertension and cerebral hypoperfusion. Because jugular venipuncture is an easy procedure frequently used in the emergency department, for preservation of brain function, jugular infusion of cold saline may be useful in resuscitation for trauma patients.
INTRODUCTION
According to a report to congress (1) , approximately 1.5 million people sustain traumatic brain injury (TBI) in the United States of America each year. Among them, more than one third of all TBI patients die annually (2) . Of these, about 250,000 people suffer a degree of damage that requires hospitalization. It was estimated that the total financial costs of TBI were more than $50 billion (3) . In terms of clinical burden on society and number of deaths occurring due to TBI, TBI is the second largest killer in the world after the cardiovascular insults to the central nervous system. In spite of the seriousness of this problem, limited neuroprotective interventions exist for those suffering severe TBI.
Moderate whole-body cooling recently has been reported to be effective in improving the neurological outcome after TBI (4, 5) . Several problems are associated with whole-body cooling (6, 7) . First, a faster cooling method is warranted for application of therapeutic cooling to TBI patients. Second, whole-body cooling is associated with severe shivering and anesthesia requirement. Third, whole-body cooling increases incidents of arterial hypotension, cardiac arrhythmia, hemorrhage, and pneumonia (6, 7) .
Because jugular venipuncture is an easy procedure frequently performed in the emergency department, hypothermic retrograde jugular vein flush (HRJVF) has been promoted to cool the brain without interference from the core temperature (Tco) (8) . We have successfully demonstrated that HRJVF caused by infusion of 4-C saline via the external jugular vein reduces brain damage in rats with heatstroke (9) by maintaining appropriate levels of MAP and cerebral circulation. This raises the possibility that direct retrograde ice saline infusion in the jugular vein without cardiopulmonary bypass protects rat brains after TBI.
To deal with the question, in the present study, we investigated the therapeutic effects of HRJVF on animals subjected to TBI. In addition, this study was to compare the temporal profiles of cardiovascular dysfunction, behavioral deficits, and cerebral infarction during TBI in the rat with or without HRJVF.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats weighing 305 to 362 g were used in these experiments. Animals were kept under a 12-h/12-h light/dark cycle and allowed free access to food and water. All experimental procedures conformed to National Institutes of Health guidelines and were approved by the Chi Mei Medical Center Animal Care and Use Committee to minimize discomfort to the animals during surgery and in the recovery period. Animals were randomly assigned to sham group (n = 8), fluid percussion injury (FPI) brain normothermia group (n = 10), or FPI brain hypothermia group (n = 8). All tests were run blinded, and the animal codes were revealed only at the end of the behavioral and histological analyses. In FPI normothermic or brain hypothermic group, animals were treated with 36-C or 4-C saline (1.7 mL/100 g of body weight) via the external jugular vein (cranial direction), respectively, immediately after injury. Animals used for histological or behavioral studies were provided food and water ad libitum throughout the study.
Fluid percussion injury
Animals were anesthetized with sodium pentobarbital (25 mg/kg, i.p.; Sigma Chemical Co, St Louis, Mo) and a mixture containing ketamine (44 mg/kg, i.m.; Nan Kuang Pharmaceutical, Tainan, Taiwan), atropine (0.02633 mg/kg, i.m.; Sintong Chemical Industrial, Co, Ltd, Taoyuan, Taiwan), and xylazine (6.77 mg/kg, i.m.; Bayer, Leverkusen, Germany). Both the femoral artery and vein on the right side were cannulated with polyethylene tubing for monitoring blood pressure and blood gas analysis. After cannulation, the wound was sutured, and the animals were turned to the prone position. The animals were placed in a stereotaxic frame, and the scalp was incised sagittally. Animals were subjected to a lateral FPI (10) . After an incision in the scalp was made, a 4.8-mm circular craniotomy was performed midway between lambda and bregma 3.0 mm to the right of the central suture. A modified leur-lock connector (trauma cannula), 2.6 mm inner diameter, was secured into the craniotomy with cyanoacrylic adhesive and dental acrylic. A moderate FPI (2.2 atm) was produced by rapidly injecting a small volume of saline into the closed cranial cavity with a fluid percussion device (VCU Biomedical Engineering, Richmond, Va). The animal was removed from the device, the acrylic removed, and the incision sutured. Each injured and sham-injured animal for fluid percussion model was closely evaluated immediately after TBI for behavioral recovery.
Surgery and physiological parameter monitoring
The right femoral artery and vein of rats were cannulated with polyethylene tubing under sodium pentobarbital anesthesia for blood pressure monitoring and drug administration. monitored continuously by a thermocouple, and MAP and heart rate (HR) were continuously monitored with a pressure transducer. Frontal cortex brain temperature (Tbr) was monitored with a digital electric thermometer (model DP80; Omega Engineering, Inc, Stanford, Conn) with a 0.15-mm-diameter temperature probe (model HYP-033-1-T-G-60-SMP-M; Omega Engineering) inserted 4.0 mm ventral to the surface of the skull. The probe was removed before fluid percussion injury and replaced immediately after injury Tcos were measured with an analog electronic thermometer (model 43 TE; YSI, Inc, Yellow Springs, Ohio) and temperature probe (series 400; YSI).
Experiment 1, an infusion of 4-C saline via external jugular vein, was randomly performed in rats treated with fluid percussion injury, and their effects on Tco, MAP, HR, ICP, cerebral perfusion pressure (CPP) = MAP j ICP, and Tbr were assessed (n = 8).
Experiment 2, an infusion of 4-C saline via external jugular vein, was randomly performed in rats treated with fluid percussion injury, and their effects on the extracellular levels of glutamate, glycerol, and lactate/pyruvate ratio in hippocampus were assessed (n = 8).
Experiment 3, an infusion of 4-C saline via external jugular vein, was randomly performed in rats treated with fluid percussion, injury and their effects on weight loss, mean maximal angle animals could cling to an inclined plane, proprioception, and brain infarction were assessed (n = 8).
Measurement of extracellular glutamate, glycerol, and lactate/pyruvate ratio in the hippocampus
Each animal was anesthetized with sodium pentobarbital intraperitoneally. The animal's head was mounted in a stereotaxic apparatus (David Kopf Instruments, Tujunga, Calif), with the nose bar positioned 3.3 mm below the horizontal line. After a midline incision, the skull was exposed, and a burr hole was made in the skull for the insertion of a dialysis probe (4 mm in length, CMA/2; Carnegie Medicine, Stockholm, Sweden). The microdialysis probe was stereotaxically and obliquely (anterior 4.3 mm) implanted into the right hippocampus according to the atlas and coordinates of Paxinos and Watson (11): P, 8 mm; R, 3 mm; and H, 5 mm. According to the methods described previously (12), the microdialysis was perfused at 2.0 2L/min, and the dialysates were sampled in microvials. The dialysates were collected every 10 min in a CMA/140 fraction collector (Carnegie Medicine). Aliquots of dialysates (5 2L) were injected onto a CMA 600 microdialysis analyzer (Carnegie Medicine) for measurement of lactate, glycerol, pyruvate, and glutamate. Only experiments in which the hippocampal localization of the microdialysis probes was confirmed histologically were included in the results.
Inclined plane
The inclined plane was used to measure limb strength. Animals were placed, facing right and then left, perpendicular to the slope of a 20 Â 20-cm ruffer ribbed surface of an inclined plane starting at an angle of 55- (13) . The angle was increased or decreased in 5-increments to determine the maximal angle an animal could hold to the plane. Data for each day were the means of left and right side maximal angles.
Proprioception
Proprioception evaluation was based on the resting, posture, and postural reactions (Btactile placing^and Bhopping^) (14) . The functional deficit was graded as 3 (normal or 0% maximal possible effect [MPE]), 2 (slightly impaired) 1 (severely impaired), and 0 (Completely or 100% MPE) (15) . This test was performed by lifting the front half of the animal off the ground and lifting one hind limb at a time off the ground so that the animal was standing on just one limb. Then, the animal was moved laterally, which normally evoked a prompt hopping response with the weight-bearing limb in the direction of movement to prevent the animal from falling. A predominant motor block would cause a prompt but weakerthan-normal response. Conversely, a predominantly proprioceptive block causes a delayed hopping followed by greater lateral hops to prevent the animal from falling. In the case of full blockade, there would be no hopping maneuvers (16) .
Cerebral infarction assay
The triphenyltetrazolium chloride (TTC) staining procedures followed those described elsewhere (17) . All animals were euthanized at 3 days after fluid percussion injury. Under deep anesthesia (100 mg/kg sodium pentobarbital, i.p.), animals were perfused intracardially with saline. The brain tissue was then removed, immersed in cold saline for 5 min, and sliced into 2.0-mm sections. The brain slices were incubated in 2% TTC dissolved in phosphate-buffered saline for 30 min at 37-C and then transferred to 5% formaldehyde solution for fixation. The volume of infarction, as revealed by negative TTC stains indicating dehydrogenase-deficient tissue, was measured in each slice and summed using computerized planimetry (PC-based Image Tools software). The volume of infarction was calculated as 2 mm (thickness of the slice) Â (sum of the infarction area in all brain slices [mm 2 ]) (17).
Statistical analysis
Physiological and microdialysis data were analyzed with a repeated-measures ANOVA for differences between time points and groups, followed by Fisher post hoc test. Significance was set at a value of P G 0.05. Data are expressed as mean T standard error of the mean.
RESULTS
HRJVF attenuates FPI-induced cerebrovascular dysfunction
Both Figs. 1 and 2 depict the effects of FPI on several cerebrovascular parameters as well as extracellular levels of glycerol, glutamate, and lactate/pyruvate ratio in hippocampus in the FPI brain normothermia and FPI brain hypothermia groups. The FPI brain normothermia group, the HR, ICP, and hippocampal levels of glycerol, glutamate, and lactate/ pyruvate ratio were all significantly higher at 10 to 120 min after the start of FPI than they were for sham-operated controls. In contrast, the values for CPP were significantly lower than those of sham-operated controls. Intravenous administration of 4-C saline immediately (or 3 min) after FPI significantly attenuated the FPI-induced intracranial hypertension, cerebral hypoperfusion, and overproduction of cellular ischemia and injury markers in hippocampus. The basal levels of cerebrovascular parameters and ischemia and injury markers measured in sham-operated rats treated with HRJVF (or 4-C saline) were indistinguishable from those of sham-operated rats receiving no treatment (data not shown). Intravenous injection of 4-C saline 30 min after FPI had lesser effects on FPI-induced cerebrovascular dysfunction. Figure 3 shows that FPI rats treated with 36-C saline immediately after injury have higher amounts of weight loss compared with those of sham-operated controls. The weight loss denotes the difference in body weight between the first and third day after FPI. However, HRJVF (or 4-C saline) immediately (3 min) after FPI significantly reverses the FPIinduced weight loss.
HRJVF attenuates FPI-induced weight loss
HRJVF attenuates FPI-induced motor deficits
As compared with those of the sham-operated control rats, the maximal angle animals treated with 36-C saline could cling to an inclined plane significantly decrease 72 h after FPI (as shown in Fig. 4) . However, the FPI-induced reduction in maximum grip angle measured 72 h after FPI was significantly reversed by HRJVF (or 4-C saline infusion; P G 0.05).
HRJVF attenuates FPI-induced proprioception blockade
The percentage of MPE of proprioception blockade 72 h after FPI was significantly increased in 36-C saline-treated animals compared with those of sham-operated controls (Fig. 5) . Again, the percentage of MPE of proprioception blockade obtained 72 h after FPI was significantly reversed by FRJVF (or 4-C saline infusion (P G 0.05).
HRJVF reduces FPI-induced cerebral infarction volume and incidence
Triphenyltetrazolium chloride staining revealed the marked increase in cerebral infarction in FPI rats treated with 36-C saline compared with sham-operated controls (Fig. 6C) . As compared with those of sham-operated controls, FPI induced a significant increase in cerebral infarction volume (Fig. 6A) and incidence (Fig. 6B ) in rats treated with 36-C saline. Again, the FPI-induced cerebral infarction in both volume and percentage incidence was significantly reduced by treating with HRJVF (or 4-C saline) (P G 0.05). Apparently, early treatment (3 min) had better therapeutic effects than those of later treatment (30 min).
DISCUSSION
The lactate/pyruvate ratio is a well-known marker of cell ischemia, that is, an inadequate supply of oxygen and glucose (18) . Glycerol is a marker of how severely cells are affected by the ongoing pathology (19) . Excessive concentrations of glutamate have been observed in primary (20) or secondary (21) ischemic brain tissue. Both present and previous (22Y24) studies have shown that the hippocampal neurons are the most susceptible to cerebral ischemia and injury after FPI. Therefore, in the current study, the microdialysis probe was implanted into the hippocampus of the ipsilateral brain, and the microdialysates obtained from the hippocampal area was assayed for measurement of cellular ischemia (e.g., glutamate and lactate/pyruvate ratio) and injury (e.g., glycerol) markers during FPI. Indeed, our results show the first time that, in rats, FPI brain injury causes increased levels of glutamate, lactate/ pyruvate ratio, and glycerol in the hippocampus as well as infarction in several brain regions. Although many studies have repeatedly demonstrated elevation of microdialysate lactate in head-injured patients (20, 25) and in animal brain injury models (10, 26) , we successfully demonstrate here that extracellular fluid ischemia (e.g., glutamate and lactate/ pyruvate ratio) and injury (e.g., glycerol) levels increase significantly in the brain after fluid percussion brain injury. In addition, as shown in the current findings, during the acute stage (e.g., 2 h) of FPI, both an increase in ICP and a decrease in CPP are observed in the rat. The decrease in CPP (MAP j ICP) is due to an increase in ICP because an appropriate level of MAP is maintained within a 2-h post-FPI period. Reduction of CPP to below the autoregulation level causes cerebral ischemia, which leads to neurological damage (27) . Indeed, as revealed 3 days after FPI, cerebral infarction, behavioral dysfunction (e.g., motor and proprioception deficits), and body weight loss were noted in rats with FPI. Putting these observations together, it appears that intracranial hypertension, cerebral hypoperfusion, and increased cerebral levels of cellular ischemia (e.g., glutamate and lactate/pyruvate ratio) and damage (e.g., glycerol) markers are related to outcome (e.g., cerebral infarction, behavioral dysfunction, and weight loss) of FPI in the rat.
It has been shown that mild to moderate whole-body cooling significantly reduces mortality and improves behavioral outcome in the rodent (FPI) model (28) . A short period (24 Y 48 h) of mild to moderate whole-body hypothermia started within 6 h (but not 96 h) after FPI has improved the outcome of young (G45 years old) patients with severe FPI (29) . Long-term (3 Y14 days) mild whole-body hypothermia improves the outcome and reduces high ICP in patients with severe FPI (30) . A more recent report (31) further shows that preinjury mild whole-body hypothermia completely inhibits the cerebral lactate accumulation, and early postinjury mild hypothermia significantly blunts the increase of cerebral lactate level after FPI. In the present results, infusion of 5 mL of 4-C isotonic sodium chloride solution over 5 min via the external jugular vein, immediately after FPI, significantly induces brain cooling (~33-C Y 34-C for about 30 min) and improves outcome of severe FPI in the rat. Brain cooling induced by HRJVF causes attenuation of intracranial hypertension, cerebral hypoperfusion, ischemic brain damage, behavioral dysfunctions, and body weight loss that occurred during FPI in the rat. Here, we successfully demonstrate that HRJVF causes attenuation of FPI in the rat by reducing cerebral ischemia and injury resulting from intracranial hypertension and cerebral hypoperfusion.
The mechanisms of neuroprotection provided by hypothermia after brain injury include reduction of metabolic rate, decreased oxidative stress (32), attenuation of blood-brain barrier disruption (33) , decreased release of excitatory amino acids (34) , limitation of cerebral edema (35) , increased glucose metabolism (36) , and inhibition of intracellular calicium overload (37) . A more recent report (38) further demonstrates that brain cooling caused by HRJVF may attenuate heatstroke-induced cerebral ischemia and injury by attenuating cerebral oxidative stress, systemic inflammation, activated coagulation, and tissue ischemia/injury. It is likely that HRJVF may act through similar mechanisms to improve outcome of FPI. This hypothesis requires further verification in future studies.
It should be stressed that data from Jiang et al (31) and ours (present results) show that whole-body or brain cooling significantly reduces the increase of brain lactate accumulation. Cooling therapy may exert its neuroprotection by ameliorating cerebral lactate accumulation after FPI. The accumulation of acidic metabolites resulting from cerebral ischemia initiates Bcerebrovascular paralysis^ (39) . In this situation, both the ICP and cerebral blood flow progressively become more passively related to blood pressure. Small reductions in blood pressure can now cause regional or generalized cerebral ischemia, whereas a marked elevation in blood pressure not only increases cerebral flow but also initiates increases in cerebral blood volume, enhances cerebral edema formation, and elevates ICP (40) . Eventually, an initially increased cerebral blood volume due to blood pressure elevation may lead to a progressively decreasing CPP.
In the rat, the larger external jugular vein is formed by fusion of the linguofacial and maxillary vein, whereas the smaller internal jugular vein collects blood from the cerebral sinuses. Because the internal jugular vein is too small to be cannulated for experimentation, the external jugular vein is chosen for cannulation in the current studies. Infusion of 5 mL of cold saline over 5 min through external jugular vein is able to induce a decrease of about 1.5-C in the hippocampus of rat brain and to cause neuroprotection after FPI. A more recent report has also demonstrated that Tbr can be reduced in the pig by retrograde perfusion of the internal jugular vein with cooled blood, and that the core body temperature can be maintained with the aid of a heating blanket (41) . Thus, it appears that HRJVF specifically inducing brain cooling, leaving the rest of the body normothermic, would be safer and not require intensive care.
In fact, whole-body cooling possesses several problems (6, 7). First, external cooling methods currently used are not fast enough to warrant for application of therapeutic hypothermia to stroke patients. Second, patients need to be anesthetized to reduce severe shivering. Third, whole-body cooling increases incidents of arterial hypotension, cardiac arrhythmias, hemorrhage, and pneumonia (6, 7) . Therefore, a cooling method specifically reducing the Tbr, ideally keeping the rest of the body temperature within a normal range, would be safer and not require intensive care. Indeed, intracarotid cold saline infusion has been used in a city emergency medical services system to achieve rapid brain cooling in Europe (42) . In their experiences, although a Doppler procedure would benefit in setting an appropriate vascular route, it appears impractical in an emergency situation. In addition, carotid puncture may induce possible complication of arterial thrombosis. Because jugular venipuncture is an easy procedure frequently used in the emergency department, for preservation of brain function, jugular infusion of cold saline may be useful in resuscitation for trauma patients.
FIG. 6.
Infarction volume (A) and incidence of infarction (B). *Animals received FPI and treated with 36-C saline 3 min after FPI had significant increases in both infarct volume and incidence of infarction. † However, the FPI-induced infarction volume was significantly reduced by infusion of 4-C saline in the jugular vein 3 or 30 min after FPI (P G 0.05). The photomicrograph (C) illustrates the average lesion area in the FPI group treated with 36-C saline 3 min after FPI. Triphenyltetrazolium chloride staining shows severe infarctions characterized by pale TTC stains (whitish color) in the striatum and cortex on all brain sections examined.
